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Abstract 
Numerical predictions of the turbulent flow and heat transfer of a stationary duct 
with square ribs 45° angled to the main flow direction are presented. The rib 
height to channel hydraulic diameter is 0.1, the rib pitch to rib height is 10. The 
calculations have been carried out for a bulk Reynolds number of 50,000. The 
flows generated by ribs are dominated by separating and reattaching shear layers 
with vortex shedding and secondary flows in the cross-section. The one of hybrid 
RANS-LES approaches, Detached Eddy Simulation (DES), is adopted to simulate 
such flows at a reasonable computation cost. The capability of the various 
versions of DES method, depending on the RANS model, such as Spalart-
Allmaras model (SA), Realizable k- model (RKE) and Shear Stress Transport 
(SST) model, has been compared and evaluated against the experimental data. The 
significant effect of RANS model on the accuracy of the DES prediction has been 
shown. The DES-SST method, which was able to reproduce the reasonable 
physics of flow and heat transfer in a ribbed duct, showed better performance than 
others. 
 
INTRODUCTION 
Gas turbine engines are designed to be run at very high temperatures in order to 
increase the thermodynamic efficiency of the engine. The melting points of the 
materials of turbines create a constraint on the temperature that the engine can op-
erate at. To facilitate higher engine temperatures various cooling techniques have 
been incorporated into the design of the gas turbine engines. The cooling of the 
turbine blades has allowed the engines to be run at temperatures exceeding the 
melting points of the turbine blade materials. To enhance the heat transfer in the 
cooling passages of the blade, turbulators are installed in the cooling duct. One of 
the extensively used turbulators is the form of ribs placed incrementally along the 
walls of the duct. These ribs increase the near wall turbulence by tripping the 
boundary layer, which increases heat transfer rate between the coolant flow and 
the blade, but only has a relatively small pressure drop. 
Turbine blades designers need to understand the flow physics in the ribbed 
cooling passages of the blade to optimise the performance of the cooling channels. 
A greater understanding is being achieved through the experimentation with phys-
ical test rigs and CFD simulations. In order to simulate this kind of turbulent flows 
as accurately as possible an extensive understanding of both the flow features pre-
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sent and the general suitability of various turbulence models for the problem is 
necessary. Large, geometry dependent, coherent vortices are dominant in this flow 
region. The Reynolds-averaged Navier-Stokes (RANS) approach generally per-
forms poorly to simulate such features. Ribbed channel flows have been investi-
gated using various RANS turbulence models. As a result, RANS model perfor-
mances tend to be problem dependent. Also, better modelling near-wall flow 
behaviour is required to predict the heat transfer performance accurately.  
Eddy resolving schemes, such as Large Eddy Simulation (LES), are accurately 
predicting large complex turbulent flows in various cases. Sewall et al. [1] com-
pared LES with previous experimental data and found that it predicted the heat 
transfer and flow characteristics accurately in both the developing and developed 
flow regions of a stationary ribbed duct. Their LES results predicted the local and 
global heat transfer results within experimental uncertainty. However, the required 
computing resources were significant; 20 million cells, 344 processors, and about 
0.5 s/grid node of wall clock time. LES models would frequently be too compu-
tationally expensive for practical applications, often being between 10 to 100 
times more expensive than RANS [2]. This has resulted in the development of hy-
brid RANS-LES models, such as Detached Eddy Simulation (DES). In some cas-
es, these can achieve similar levels of accuracy as LES approach, while having 
much less computational expense due to regions resolved by RANS. 
DES is the most popular model used to date, simply consisting of changing the 
RANS behaviour to LES behaviour based on the either the distance to the nearest 
wall or the turbulence length scale. Viswanathan and Tafti [3] investigated the ac-
curacy of SST based DES for stationary and rotating ducts by comparing with the 
results of LES and RANS simulations. They found that the DES model achieved 
similar levels of accuracy as the LES model, but the computational cost is approx-
imately a tenth of the LES model for the conditions present. It provided more ac-
curate results with respect to secondary flows than those of RANS and URANS, 
however, produced much thicker shear layer than it should be. 
The main objective of this study is to compare the accuracy and suitability of 
various DES models, particularly, depending on the different RANS models, for 
the prediction of both the flow features and heat transfer characteristics in the flow 
field of an internal ribbed duct. The results obtained for both heat transfer and flu-
id flow are analysed and compared to available experimental results. 
Test Case: a flow in a ribbed duct 
The case analysed is a straight ribbed square duct section. As shown in Fig. 1, 
the bottom half of a two wall ribbed duct is modelled and thus a symmetry bound-
ary condition is used at the top surface of the computational domain. The domain 
tested includes six 45° angled ribs which result in strong secondary flows and in-
crease heat transfer. In the present study, the aspect ratio of the stationary channel 
is one, and the rib pitch to rib height (P/e) ratio is 10. The hydraulic diameter (Dh) 
of the channel is 100 mm. The rib height to hydraulic diameter (e/Dh) is 0.1. The 
Reynolds number of 50,000 was selected based on the range of real gas turbine 
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cases, as well as to compare with the experimental test case [4]. The test section 
involves the inlet section of 600 mm, which allows the flow to fully develop be-
fore the ribbed section. Six ribs are then placed to allow the flow to approach a 
fully developed case. The outlet section after the ribbed section is two and half 
pitches long in order to prevent any unwanted effects from the outlet. 
The simulation results are compared to the experimental results of Chanteloup 
et al. [4] where the practical geometries and the results of 45° angled ribbed duct 
were provided. Therefore, the configuration of the test case is based on the exper-
iments [4]. Their experimental uncertainty was estimated as 8 % for both the heat 
transfer and flow measurements. 
 
 
Figure 1. Computational domain, the half of a two wall ribbed duct 
Computational approach 
All the simulations are carried out using a commercial CFD package, ANSYS 
FLUENT R15. The fluid domain was defined by four boundary conditions: veloci-
ty inlet, pressure outlet, no-slip wall and symmetry boundary conditions. At the in-
let, the velocity of the air was specified at 7.82 m/s in order to give a Reynolds 
number of 50,000 (corresponding to the flow conditions of the experiment [4]). In 
order to analyse the thermal performance by scrutinizing the nondimensional heat 
transfer coefficient, Nusselt number, the wall heat flux to heat the main flow was 
specified as 300 W/m2. A symmetry condition was specified at the top surface of 
the computational domain, corresponding to the mid-plane of the square duct (the 
computational domain in Fig. 1 is only the half of the square duct). 
Detached Eddy Simulation (DES) is a three-dimensional unsteady numerical 
solution using a single turbulence model. DES involves the RANS treatment of at-
tached turbulent boundary layers, whilst LES is applied to regions of massively 
separated flow (only detached eddies are simulated). DES method should be capa-
ble of modelling an entire boundary layer with RANS. A single turbulence model 
functions as a subgrid-scale model in the regions where the grid density is fine 
enough for Large-Eddy Simulation. 
In ANSYS FLUENT, three RANS models are available for DES method, 
namely, Spalart-Allmaras model (SA), Realizable k- model (RKE) and Shear 
Stress Transport (SST) model. The manner in which the DES model switches be-
tween RANS and LES modes is depending on the RANS equation which DES is 
based on. The first approach is based on the Spalart-Allmaras (SA) turbulence 
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model. This method uses the distance from the wall, d, to determine the local 
length scale. The length scale for this DES-SA model is then subsequently defined 
as, 
),min
~
max DESC(dd  
where the grid spacing, max, is based on the largest mesh size in the x, y, or z di-
rections. The empirical constant CDES is 0.65. 
This should ensure that the RANS model is used throughout all of the entire 
boundary layer, as for most cases, max will exceed the boundary layer thickness, 
. For a typical RANS grid with a high aspect ratio in the boundary layer, the 
wall-parallel grid spacing usually exceeds . However, if max is smaller than , 
then DES can activate the LES mode inside the boundary layer. In such a case, the 
Delayed Detached Eddy simulation (DDES) model, which is available in ANSYS 
Fluent, can be used. 
The corresponding modification to the DES length scale are 
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The boundary layer sensor function, rd, is equal to one in the logarithmic layer and 
vanishes at the edge of the boundary layer. The hyperbolic tangent blending func-
tion, fd, was tuned such that the earliest onset of LES mode occurs just outside the 
boundary layer. The function assumes the value fd = 0 inside the turbulent bounda-
ry layer, blending smoothly to fd = 1 at the boundary layer edge. In the present 
simulations, the delayed DES was used as a default setting. 
In the realizable k- model based DES (DES-RKE), the RANS model is almost 
same to the realizable k- model with only the modification of the dissipation term 
in the k equation. In the DES-RKE model, the RANS dissipation term is modified 
such that: 
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where DESC  is a calibration constant with a value of 0.61 and max is the maxi-
mum local grid spacing in the x, y, or z directions. Similarly, the delayed concept 
has been applied to the DES-RKE model to preserve the RANS mode throughout 
the boundary layer. In two equation model based DES, ~  of the function, rd, for 
DES-SA is replaced by  t . The DES length scale is redefined as  
 LESRKEdRKEDES llfll  ,0max  
The last method is the SST model based DES (DES-SST). Unlike the DES-SA 
approach, the DES-SST method takes account of the local flow conditions. In the 
DES-SST model, the RANS dissipation term is modified such that: 
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where 21,,0 FFFSST   are the blending function of SST and lk- is the RANS 
length scale. CDES is equal to 0.61, when the k- model is operating and equal to 
0.78 for the k- model. Therefore, when the length scale derived from the grid is 
larger than the eddy length scale, the RANS model is activated. This ensures the 
model operates in RANS mode in the boundary layer, but LES is also operates in 
other regions where turbulent length scale is larger than the grid. 
In the present simulation, convective fluxes are computed with a second-order 
central-differencing scheme. The time-marching scheme is based on a second-
order implicit approach. The unsteady simulation commenced from the initial 
condition, which is the converged solution of the steady SST simulation. The 
characteristic time of the internal flow, the hydrodynamic diameter, Dh, divided by 
the mean velocity, is around 0.013 s in the present case. The through-flow time, 
the time for a particle dropped at the inlet of the domain to reach the outlet, is 
around 0.187 s in the present domain. A time step size of t = 0.1 ms is used in all 
of the cases. The initial transient period of 4000 time steps is ignored prior to ob-
taining unsteady statistical data. It corresponds to the period of longer than two 
through-flow times. The mean characteristics of the flow and heat transfer are ob-
tained by averaging the solution for an additional 4000 time steps. 
To achieve a mesh which captures the flow features present, accurately, a grid 
independence study was carried out using steady RANS simulation with SST 
model. Each inter-rib section in the computational domain has the same element 
distribution. The elements were clustered towards each solid surface to capture the 
regions of high turbulent shear layer and boundary layer. It is also important to en-
sure that the massive separation and large eddies around the rib were well cap-
tured. These are crucial to the accurate prediction of flow features as well as heat 
transfer. The average y+ values of all the meshes were kept lower than 1. Even 
though there is a significant bunching of elements towards each of walls, the ratio 
set for the element growth rate was never greater than 1.1. Each of the periodic 
ribbed sections in the coarse mesh has 60 elements placed on the horizontal, verti-
cal and in plane edges. For the medium and fine meshes, the coarse mesh was re-
fined by a factor of 1.2 and 1.44, respectively. The total numbers of elements for 
coarse, medium and fine meshes are 2.2 million, 3.7 million and 6.6 million. The 
discrepancy of reattachment distance, i.e. the distance between the trailing edge of 
the rib and the point where the boundary layer begins to develop, between coarse 
and medium, as well as medium and fine are around 4% and 1%, respectively. The 
key velocity profiles of three meshes have a significant level of overlap. In order 
to sufficiently resolve turbulence eddies, the fine mesh has been used in the pre-
sent study. 
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(a)                                                              (b) 
Figure 2. Comparison of the averaged velocity profiles in the center plane of 
the duct and at the mid point between 5th and 6th rib, (a) u-velocity and (b) w-
velocity 
 
 
  
(a) Steady – SST                                       (b) DDES – SA 
 
  
(c) DDES – RKE                                       (d) DDES – SST 
 
Figure 3. Contours of coherent vorticity in the planes normal to the rib  
 
(1/s) 
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Results and discussion 
Flow characteristics 
 
Firstly, the mean velocity profiles of the DES solutions are compared to the 
experimental measurement for the quantitative analysis. The time averaged 
velocity profiles in the central plane of the duct (z/W = 0.5) and at the middle 
point between the fitth and sixth ribs are plotted against the experiments [4] in Fig. 
2. Also, the LES results using the same mesh are shown. Except the near wall 
region, the averaged u velocity of LES shows the best agreement with the 
experimental measurement. The worst prediction is obtained by DDES-RKE since 
it over-predicts the overall u velocity profile. The DDES-SST is the best among 
the DES methods as well as comparable to the LES results. Furthermore, DDES-
SST shows better near wall prediction than that of LES. Therefore, it is confirmed 
that the drawback of LES is near wall treatment and the appropriate choice of 
RANS model in DES method can provide more effective and accurate capability 
in the near wall prediction. For the w velocity profiles (Fig. 2b), all the predictions 
show good agreement with the experiment. 
The visualization of the flow features in the inclined ribbed duct and the turbu-
lent coherent structures resolved by the DES is attempted by the comparison of the 
instantaneous coherent vorticity contours for several DES methods and steady 
RANS simulation as shown in Fig. 3. It is observed that only the large vortex be-
hind the rib is captured in the steady SST simulation (Fig. 3a). However, much 
finer turbulent eddies have been resolved in DES simulations. In the DDES–SST 
solution (Fig. 3d), the massive flow separation and large shear layer over the rib 
and the helical vortex propagation towards the outer wall are clearly evident. Also, 
the breakup of the large coherent vortical structures into smaller eddies, and the 
chaotic turbulent eddies caused by the secondary flow impingement on the outer 
wall can be seen. The successful prediction of such resolved fine turbulent eddies 
provides the good evidence of the desired LES mode functionality in DES model 
for the present case of the separated vortical structures as well as the secondary 
flows. Compared to DDES–SST model, DDES–SA and DDES–RKE models 
didn’t well capture the fine turbulence eddies in the secondary flows and its im-
pinging area near the outer wall (Figs. 3b & 3c). It is attributed to the weakness of 
these two RANS models in the wall bounded complex turbulent flows. 
An overview of the vortical flows appearing in the channel flow caused by the 
inclined rib is presented by the time averaged velocity contours over and down-
stream of the 5th rib at the planes normal to the ribs in Fig. 4. When the fluid ap-
proaches the rib, the flow separates from the bottom wall to avoid the obstacle, the 
rib. As a result, the streamlines of the main flow strongly curve upward. This 
curved flow generates a small recirculation vortex near the upstream bottom cor-
ner of the rib. All three steady and unsteady solutions of SA and SST based meth-
od captured this small vortex at the upstream corner, whereas only the DDES-
RKE does not show it. The narrowing of the cross-sectional area due to the rib 
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forces the fluid velocity to increase. The maximum velocity is detected in the 
shear layer just downstream over the rib. A small flattened recirculation bubble on 
the top surface of the rib is caused by a boundary layer separation at the upstream 
rib top sharp corner. Then, just downstream over the rib a larger flow separation is 
developed from the rib downstream top corner because of the sharp widening. An 
elongated recirculation bubble takes place behind the rib, with an associated 
smaller counter-rotating vortex at the rib downstream bottom corner. Again only 
the DDES-RKE failed to produce all the small vortices near the wall corners. The 
shortcoming on the near wall turbulence prediction of the k- based turbulence 
model is therefore witnessed. Further downstream the separated and narrowed 
flow re-expands in the duct and reattaches on the bottom wall. These flow features 
are in good agreement with the other observations [4-6]. 
 
 
  
(a) Steady – SST                                (b) DDES – SA 
 
  
(c) DDES – RKE                                  (d) DDES – SST 
 
Figure 4. Time averaged velocity contours at the planes normal to the rib 
 
As can be seen from the plots in Fig. 4, all simulations exhibit the similar over-
all flow features, such as large vortical flow behind the rib. However, the DDES-
SA and DDES-RKE models show thicker and over-accelerated shear layer over 
the rib. The steady SST model generally provides similar encouraging good re-
sults. However, thinner shear layer over the rib and the smaller size of the recircu-
lation region is predicted. For the distance of the shear layer reattachment on the 
(m/s) 
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bottom wall, DDES-SST predicts a longer distance than those of DDES-SA and 
DDES-RKE. It is attributed to the shortcoming of these two models to resolve the 
smaller vortex at the corner. The result of steady SST simulation has the shortest 
distance of the reattachment because of the under estimation of the size of the vor-
tical structure. By comparing the numerical simulations with these key flow fea-
tures, the quality of the models has been analyzed. DDES-SST computation rea-
sonably shows all the key flow features. However, DDES-RKE miss-represents all 
the small vortices previously described. 
For all these unsteady DES simulations, the same mesh and the same initial 
condition, which is the converged solution of the steady SST simulation, are used. 
However, the results are quite depending on the RANS model involved in the DES 
method. In this kind of flow fields, a massive separating turbulent flow, generated 
by the geometrical factor, is dominant. Therefore, the modeling of the wall in-
duced turbulent flow is of importance and an appropriate RANS model, which is 
suitable for the given flow features, should be selected in the DES method. 
 
 
     
(a) DDES – SA            (b) DDES – RKE          (c) DDES – SST 
Figure 5. Instantaneous Nusselt number distribution (Nu/Nu0) on the ribbed and 
the outer walls 
 
Heat transfer characteristics 
 
The heat transfer results are presented in terms of an enhancement factor, 
Nu/Nu0, compared to the heat transfer in a plane duct. Here, Nu is the Nusselt 
number at the wall, Nu = qwDh/[k(Tw-Tref)], where qw is the given wall heat flux of 
the heating wall, and k, is the thermal conductivity. Nu0 is obtained from the Dit-
tus-Boelter correlation for a plane duct under the heating boundary condition: Nu0 
= 0.023 Re0.8 Pr0.4. Instantaneous Nusselt number distributions on the bottom 
ribbed wall and the outer side wall of three DES solutions are shown in Fig. 5. On 
the bottom wall given in Fig. 5, the numerical results show that the high heat 
transfer regions coincide with the region of secondary helical vortical flow im-
pingement rather than the region of the reattachment of the shear layer. The high 
heat transfer region is widen towards the outer side wall and moves downstream 
as the secondary vortical flow is enlarged and move downstream towards the outer 
wall. These vortices enhance turbulent mixing and increase heat transfer coeffi-
cient. As shown in Fig. 3, these large coherent vortical structures are not well cap-
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tured in DDES-SA and DDES-RKE cases. Consequently, the DDES-RKE under-
predicts the heat transfer coefficient. Also, the maximum heat transfer regions of 
DDES-SA and DDES-RKE are rather in the middle region between two side 
walls, contrary to the maximum heat transfer region near the inner wall of DDES-
SST solution. It is highly correlated with the stronger vortex behind the rib in up-
stream region (near the inner wall) as shown in Fig. 3. Eventually, it is evident that 
the accuracies of turbulent flow structures prediction and the heat transfer perfor-
mance prediction are closely related. 
The averaged heat transfer coefficients on the ribbed wall are summarized in 
Table 1. The calculated results are compared with the experimental measurement 
[4]. Note that the uncertainty of the experimental measurement on the heat transfer 
coefficient was given as ±8%. In this context, generally, all the numerical predic-
tions show the agreement within the acceptable range of ±12%. As discussed in 
the former section, both of DDES-SA and DDES-RKE under-predict by 11% and 
12%, respectively. As expected, DDES-SST shows the best agreement of 4% dis-
crepancy. The steady SST solution over-predicts the heat transfer coefficient. 
The detailed distribution of the time averaged heat transfer coefficients of 
DDES-SA, DDES-RKE, and DDES-SST on the bottom ribbed wall and the outer 
side wall are compared with the results of the steady SST model, the LES result 
[7] and the experiment [4] in Fig. 6. From the heat transfer patterns on the ribbed 
surfaces in Fig. 6, it can be seen that DDES-SST shows better capability of heat 
transfer prediction than others in the present case, in terms of the maximum value 
of Nusselt number and its location. The heat transfer is high downstream of the 
rib, as a result of the strong vortical flow. As the vortical flow moves along the rib 
from the inner side wall towards the outer side wall, the vortex core increases in 
size, as well as moves downstream from the rib and upward from the bottom wall, 
simultaneously (as shown in Figs 3d and 4d). However, the strength of the vortex 
decreases as it moves from inner to outer side walls. Therefore, the higher heat 
transfer occurs in the downstream vicinity of the rib near the inner side wall and 
then the Nusselt number decreases along the downstream towards the outer wall.  
The location of the maximum Nusselt number and its value are DES model de-
pendant. DDES-SST shows similar Nusselt number results to the LES result and 
the experiment. However, generally the DES models under-predict Nusselt num-
ber. The locations of the maximum Nu in DDES-SA and DDES-RKE cases are 
further downstream from the inner wall and the rib than those of the DDES-SST 
and the experiment. 
 
Table 1. The averaged heat transfer results on the bottom ribbed wall 
 Nu/Nu0 Discrepancy 
Experiment [9] 2.78 - 
Steady SST 2.918 5% 
DDES-SA 2.468 -11% 
DDES-RKE 2.436 -12% 
DDES-SST 2.659 -4% 
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           (a) Steady – SST              (b) DDES – SA              (c) DDES – RKE 
             
           (d) DDES – SST           (e) LES result in [7]         (f) Experiment in [4] 
Figure 6. Time averaged Nusselt number distribution (Nu/Nu0) on the ribbed 
and the outer walls 
 
The secondary flows play a major role in the heat transfer on the side walls, as 
it can be seen in Figs. 5 and 6. The heat transfer on the outer side wall is enhanced 
by two vortical flows; the first by the accelerated shear layer right above the rib, 
the second by the impingement of the helical vortical flow between the ribs. 
DDES-SST shows the closest Nu distribution on the outer wall to the experiment. 
DDES-RKE under-predicts the Nu values. Also, the higher heat transfer enhance-
ment region on the outer side wall of these models occurs further downstream than 
those of DDES-SST and the experiment. 
Conclusion 
Several DES approaches with different RANS turbulence models (DDES-SA, 
DDES-RKE, DDES-SST) have been scrutinized for the predictions of turbulent 
large vortical flow and heat transfer in the 45° angled ribbed channel at a Reyn-
olds number of 50,000. The significant effect of RANS model on the accuracy of 
the DES prediction has been shown. The results of DDES-SST were consistently 
found to be the best compared to the others in the present test case. 
The helical vortex and the secondary flow caused by the inclined rib have a 
major role in the heat transfer enhancement. The maximum heat transfer on the 
ribbed wall occurs at the origin of the vortex just downstream of the rib near the 
inner side wall. On the outer side wall, the region of the helical vortex impinge-
ment has higher Nusselt number. 
It is concluded that the selection of RANS modeling for the wall induced turbu-
lent flow is of importance in the performance of DES method. DDES-SST can be 
used with reasonable accuracy to predict the flow and heat transfer in complex in-
ternal flow configurations. Even though DDES-SST shows good prediction in the 
turbulent flow structures, it still has somewhat discrepancy in heat transfer predic-
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tion. Therefore, further investigation is required to improve the capability of DES 
method, particularly in terms of heat transfer prediction. 
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